INTRODUCTION
Gaucher disease (Mendelian Inheritance in Man numbers 230800, 230900, and 231000), the recessively inherited deficiency of glucocerebrosidase (Enzyme Commission number 3.2.1.45), is caused by mutations in the glucocerebrosidase gene (GBA). Glucocerebrosidase catabolizes the hydrolysis of glucosylceramide and glucosylsphingosine (1, 2) , glycolipids that are taken up by macrophages during the degradation of dying erythrocytes and leukocytes (3) . Macrophages are the main cell type exhibiting the disease phenotype. Gaucher disease is classified into three types on the basis of the absence of neurological symptoms (type 1) and the rate of progression of neurological symptoms (types 2 and 3). Furthermore, GBA mutations are an important genetic risk factor for Parkinson's disease (4) . It is known that the morphology and function of macrophages from patients with Gaucher disease differ from those of normal macrophages, but a major challenge has been the lack of a cell-based model that exhibits abnormal lysosomal storage and other characteristics of the disease phenotype. Given that collecting and propagating large numbers of macrophages are difficult, patient-derived skin fibroblasts are commonly used to study Gaucher disease biology and to screen candidate drugs, even though this cell type lacks the hallmark characteristic of the disease, that is, glycolipid accumulation in lysosomes.
Macrophages are involved in many essential processes including the removal of pathogens and dead cells through phagocytosis (5) . Macrophages initiate phagocytosis using different receptors including FcgRI/II (6) and migrate toward a gradient of chemoattractants. Pathogens are killed by reactive oxygen species (ROS) produced by macrophages either directly or indirectly via the multisubunit enzyme NADPH (reduced form of nicotinamide adenine dinucleotide phosphate) oxidase (7) . The assembly and activation of NADPH oxidase play a critical role in the activation of innate host defense, and the O 2 − produced is a potent microbicide. Impaired ROS production leads to defective degradation of pathogens and results in inflammation. The pathological defects occurring in Gaucher disease macrophages have not been extensively studied.
Gaucher disease is generally treated with enzyme replacement therapy, an effective but costly and inconvenient intravenously infused treatment that is ineffective against neurological manifestations because of its inability to permeate of the blood-brain barrier. Chemical chaperone drug therapy has been proposed as an alternative treatment strategy (8) . Small-molecule chaperones bind to the misfolded glucocerebrosidase protein, refold the enzyme, and enable trafficking of the glucocerebrosidase to the lysosomes. Because patients with Parkinson's disease have been shown to have decreased levels of glucocerebrosidase in certain brain regions (9, 10) , such chaperones could potentially be useful in the treatment of Parkinson's disease as well. Although smallmolecule chaperones have been tested for their ability to improve enzyme-specific activity in Gaucher disease fibroblasts, the capacity of these molecules to normalize the appearance and function of Gaucher disease macrophages has not been evaluated because of the lack of an appropriate cellular model of this disorder.
Previously, we performed high-throughput screening of compound libraries using mutant N370S glucocerebrosidase from patient tissue extracts (11) and identified a new class of noninhibitory chaperone molecules (12) . The lead compound NCGC00188758, a pyrazolo [1,5-a] patients with Gaucher disease (12) . We generated and studied primary macrophages (hMacs) that were differentiated from monocytes taken from patients with Gaucher disease. However, the amount of blood needed, especially from infants with Gaucher disease type 2, and the limited yield of macrophages prompted us to create induced pluripotent stem cells (iPSCs) from dermal fibroblasts taken from patients to generate and evaluate a clonal supply of macrophages (iMacs) (13) . Here, we use hMacs and iMacs to evaluate the ability of the noninhibitory chaperone molecule NCGC00188758 to reverse the disease phenotype.
RESULTS
hMacs were generated from patients with type 1 Gaucher disease We generated hMacs from monocytes isolated from blood samples from 20 patients with type 1 Gaucher disease (table S1). These included 17 patients with the common and relatively mild Gaucher genotype N370S/N370S, and 1 each with genotypes N370S/c.84dupG, C342Y/ R496H, and N370S/R463C. Control hMacs were generated from blood obtained from 30 healthy volunteers.
IPSCs and iPS-derived lineages were generated from fibroblasts of patients with Gaucher disease Fibroblasts from a control healthy individual and from four patients with type 1 Gaucher disease (three with genotype N370S/N370S and one with N370S/c.84dupG) and one with type 2 Gaucher disease (genotype IVS2+1G>A/L444P) were reprogrammed to iPSCs by lentiviral transduction. The iPSC colonies were selected, expanded on mouse embryonic fibroblasts, and examined for pluripotency. Immunofluorescence staining showed high expression of Oct4, SOX2, TRA160, TRA180, Nanog, and SSEA4 (Fig. 1A and fig. S1 ), and polymerase chain reaction (PCR) arrays confirmed increased expression of pluripotency markers in the iPSC lines compared with the corresponding parental fibroblasts (P ≤ 0.001) (Fig. 1D ). All iPSC lines had a normal (Oct4, SOX2, SSEA4,  TRA160, TRA180 , and Nanog) in control and type 2 Gaucher disease (IVS2+1/ L444P) iPSC lines using a Zeiss fluorescence microscope. (B) iPSCs derived from a patient with type 2 Gaucher disease have a normal 46XX karyotype. (C) Teratomas were formed from iPSCs generated from four patients with type 1 Gaucher disease (three with genotype N370S/N370S and one with genotype N370S/c.84dupG) and from one patient with type 2 Gaucher disease (genotype IVS2+1/L444P). (D) Total RNA from two skin fibroblast lines from patients with type 1 Gaucher disease (genotype N370S/N370S), and the corresponding two iPSC lines derived from them were characterized in triplicate using a PCR array. The fold changes refer to the expression levels for each gene compared to that in the fibroblast line. (E) iPSCs were differentiated into macrophages using a three-step method. Embryoid bodies were made and differentiated into iPSC monocytes. The monocytes harvested from the supernatant stained positive for CD14 with flow cytometry. The monocytes were then differentiated into macrophages, which stained positive for CD68 expression with flow cytometry. karyotype ( Fig. 1B and fig. S2 ) and formed teratomas when injected into severe combined immunodeficient (SCID) mice (Fig. 1C) . Embryoid bodies were kept in culture for 10 days (Fig. 1E ) and supplemented with macrophage colony-stimulating factor (M-CSF) and interleukin-3 (IL-3). At passages 13 to 15, the iPSCs were differentiated into monocytes and then iMacs (14) . Monocytes, collected from the supernatant, Glucocerebrosidase activity is decreased in Gaucher disease iMacs and hMacs Among 17 patients with the common Gaucher disease genotype N370S/N370S, glucocerebrosidase activity in their hMacs averaged 14.4 ± 6.1% of control activity (P = 0.0016) (Fig. 3A) . Activity was 11.2 ± 0.3% for the patient with genotype N370S/c.84dupG (Fig. 3A) , 16.6 ± 7% for genotype C342Y/R496H, and 4.9 ± 0.5% for genotype N370S/R463C (fig. S4A ). The Gaucher disease iMacs also had markedly deficient glucocerebrosidase activity. Type 2 Gaucher disease iMacs showed a glucocerebrosidase activity of 2.9 ± 4.9% compared to control iMacs (P < 0.0001) (Fig. 3B) . Type 1 Gaucher disease iMacs from three different patients with genotype N370S/N370S (GD1-P1 to GD1-P3) had a mean glucocerebrosidase activity of 21.2 ± 0.2% of that for control iMacs (P = 0.008); N370S/c.84dupG (GD1 P4) Gaucher disease iMacs had a glucocerebrosidase activity of 17.6% of that for control iMacs (P = 0.0017) (Fig. 3B, right panel) .
NCGC00188758 increased glucocerebrosidase activity in Gaucher disease hMacs and iMacs
The residual glucocerebrosidase activity in type 1 and 2 Gaucher disease hMacs and iMacs was measured in the presence and absence of lipid-laden erythrocyte ghosts isolated from patient with Gaucher disease (Fig. 3, A and B, and fig. S4A ). Feeding Gaucher disease hMacs and iMacs with these ghosts did not affect glucocerebrosidase activity (Fig. 3, A and B) . In the presence of NCGC00188758 (structure shown in Fig. 3F ), glucocerebrosidase activity increased in type 1 Gaucher disease hMacs and iMacs by 10.7-fold (P = 0.0015) and 3.2-fold (P = 0.007), respectively (Fig. 3, A and B) ; the activity in control macrophages also increased (Fig. 3, A and B) similar to results previously reported in fibroblasts (11) . Glucocerebrosidase activity increased 26.6-fold in type 2 Gaucher disease iMacs treated with NCGC00188758 (P = 0.0018) (Fig. 3B) . The administration of 20 mM recombinant glucocerebrosidase (imiglucerase, Genzyme) also restored glucocerebrosidase activity in Gaucher disease hMacs and iMacs (Fig. 3, A and B) . The amount and concentration of NCGC00188758 and imiglucerase used were determined after testing several concentrations of each in hMacs ( fig. S5 ).
NCGC00188758 increased translocation of mutant glucocerebrosidase to lysosomes and reduced substrate accumulation in Gaucher disease hMacs and iMacs Previously, the ability of NCGC00188758 treatment to enhance the translocation of glucocerebrosidase to lysosomes was demonstrated in patient fibroblasts, but it was not possible to evaluate its effect on clearance of the stored substrate (12) . In Gaucher disease hMacs and iMacs, NCGC00188758 treatment resulted in translocation of glucocerebrosidase to lysosomes as demonstrated by increased colocalization of glucocerebrosidase with the lysosomal marker LAMP2 (Fig. 3, C  and D, and fig. S6 , A to C, and movies S1 to S3). The degree of colocalization was demonstrated in scatter plots ( fig. S6A ) and by determining Pearson's coefficient in areas of colocalization ( Fig. 3D and fig. S6B ). In addition, Western blots showed that in the presence of NCGC00188758, the amount of glucocerebrosidase also increased in patient-derived hMacs (P = 0.03) and in type 2 Gaucher disease iMacs (Fig. 3E) .
When glucocerebrosidase is deficient, excessive glucosylceramide accumulates in lysosomes of macrophages because of the defective digestion of erythrocytes and leukocytes. Erythrocyte ghosts were prepared from blood from patients with Gaucher disease and were labeled with glucosylceramide-Bodipy to mimic this defect. They were then added to Gaucher disease hMacs and iMacs. Fluorescence was compared to that of hMacs and iMacs given the glucosylceramideBodipy vehicle alone. Among the 20 samples from patients (17 hMacs and 3 iMacs) with the same genotype (N370S/N370S), the amount of glucosylceramide without the addition of Gaucher erythrocyte ghosts was about 2.0 ± 0.75-fold (hMacs) and 3.8 ± 0.31-fold (iMacs) higher than that of control macrophages (Fig. 4A) . Glucosylceramide accumulation in N370S/N370S hMacs and iMacs loaded with Gaucher erythrocyte ghosts was 3.2 ± 0.8-and 4.2 ± 0.12-fold higher than in control hMacs or iMacs, respectively (Fig. 4A) . hMacs from patients with type 1 Gaucher disease with other genotypes, when loaded with Gaucher erythrocyte ghosts, showed a 1.5-to 3.0-fold increase in glucosylceramide concentrations ( fig. S7 ). Untreated type 2 Gaucher disease iMacs had a 4.2 ± 0.5-fold increase in glucosylceramide compared to control macrophages, and feeding these cells with Gaucher erythrocyte ghosts resulted in a 5.8 ± 0.8-fold increase in glucosylceramide (Fig. 4B ). Confocal microscopy also showed that the added glucosylceramideBodipy (green) accumulated in Gaucher macrophages specifically in lysosomes that stained positive for LAMP2 (red) (Fig. 4C ).
The effect of NCGC00188758 treatment on glucosylceramide accumulation was also evaluated. After 6 days of treatment with NCGC00188758, glucosylceramide accumulation decreased by between 50 and 61% in both N370S/N370S Gaucher disease hMacs and iMacs, and by 46.7% in N370S/c.84dupG iMacs (Fig. 4A) . Remarkably, in the type 2 Gaucher disease iMacs, NCGC00188758 treatment reduced glucosylceramide concentrations by 95 ± 25% (Fig. 4B) . Immunostaining of hMacs and iMacs with glucosylceramide-Bodipy and LAMP2 also confirmed a reduced amount of labeled glucosylceramide in lysosomes in treated Gaucher disease macrophages (Fig. 4C) .
Concentrations of glucosylsphingosine, a second and more toxic substrate of glucocerebrosidase, were measured in Gaucher disease hMacs and iMacs by mass spectrometry. Type 2 Gaucher disease iMacs had an 18-fold higher concentration of glucosylsphingosine than did control iMacs, whereas hMacs and iMacs with the N370S/N370S genotype had a 2.8 and 3.2 times higher concentration than did controls (Table 1) . Treatment with NCGC00188758 reduced glucosylsphingosine concentrations in all cell types tested ( Table 1 ), indicating that the improved translocation of mutant glucocerebrosidase enhanced the hydrolysis of glucosylsphingosine (P = 0.0017).
These data show that both Gaucher disease hMacs and iMacs have only 3 to 20% of the glucocerebrosidase activity seen in their respective controls and that they accumulate glucosylsphingosine and glucosylceramide. These alteration were reversed with NCGC00188758.
Gaucher disease macrophages efficiently phagocytosed immunoglobulin G-opsonized erythrocytes and bacteria Phagocytosis of immunoglobulin G (IgG)-opsonized erythrocytes and bacteria in Gaucher disease macrophages was first evaluated by measuring FcgRII (CD32) expression in hMacs and iMacs. Flow cytometry demonstrated that FcgRII expression was higher in Gaucher disease macrophages (Fig. 5A ). Because erythrocyte ghosts from patients with Gaucher disease were used to model lipid-laden Gaucher disease macrophages, it was necessary to measure erythrocyte uptake by these macrophages. CD32-dependent phagocytosis of IgG-opsonized erythrocytes revealed no significant differences between control and N370S/ N370S hMacs or iMacs ( ** ** ** ** ). The right panel shows iMacs from four patients with type 1 Gaucher disease (GD1-P1, GD1-P2, and GD1-P3 each have the genotype N370S/ N370S, and GD1-P4 has the genotype N370S/c.84dupG). Glucocerebrosidase activity in iMacs was measured in two independent experiments. Error bars indicate SD. *P = 0.018, **P = 0.003, ***P < 0.0017, ### P < 0.001. (C) Gaucher disease and control hMacs and iMacs were treated with 8 mM NCGC00188758 for 6 days and then stained for glucocerebrosidase (Alexa Fluor 488, green), the lysosomal marker LAMP2 (Alexa Fluor 555, red), and 4′,6-diamidino-2-phenylindole (DAPI) (nuclear stain, blue). Z-stack images were acquired using a Zeiss 510 confocal microscope (×63 magnification). Single images are presented in fig. S6 . Insets correspond to the regions marked a, b, and c. hMacs treated with Gaucher erythrocyte ghosts in the presence and absence of 8 mM NCGC00188758 for 6 days. Patient (P) (genotype N370S/ N370S) and control (C) hMacs are shown. Right: Western blot showing glucocerebrosidase concentrations in lysed iMacs from a patient with type 2 Gaucher disease (genotype IVS2+1/L444P) treated with Gaucher erythrocyte ghosts in the presence and absence of 8 mM NCGC00188758 for 6 days. The graph represents Western blots performed on hMacs from six different patients with type 1 Gaucher disease with genotype N370S/N370S. Groups were compared using one-way analysis of variance (ANOVA) (n = 6). **P = 0.03; ***P = 0.009, Bonferroni correction. (F) Chemical structure of NCGC00188758.
C and D). The phagocytosis index was increased 1.2 ± 0.7-fold in type 1 Gaucher disease hMacs and 1.0 ± 0.2-fold in type 2 Gaucher disease iMacs compared to controls, and no significant change was observed in the efficiency of phagocytosis of bacteria by N370S/N370S or N370S/ c.84dupG iMacs (Fig. 5D) . Loading control macrophages with Gaucher erythrocyte ghosts had no effect on the phagocytic index. , and IVS2+1/L444P). Cells were treated with labeled erythrocyte ghosts (green) for 12 hours, fixed, and stained with LAMP2 (Alexa Fluor 555, red). They were imaged using a confocal microscope with a 488-nm argon laser. Images were acquired using a Plan Neofluar 63× 1.3 oil DIC (differential interference contrast) objective. Scale bars, 5 mm. Insets show specific regions with a lower intensity of the green channel. hMacs and iMacs were derived from patients with genotype N370S/ N370S. iMacs were also derived from a patient with genotype IVS2+1/ L444P. Groups were compared using one-way ANOVA with Bonferroni correction. ***P = 0.0017; *P = 0.0368. 
Control hMacs N370S/N370S hMacs

NCGC00188758 treatment restored the respiratory burst in Gaucher disease macrophages
Macrophages use strategies such as phagocytosis-mediated lysosomal degradation and the production of ROS through activation of the NADPH oxidase to kill and eliminate phagocytosed bacteria. A fluorogenic probe (CellROX) that measures cellular oxidative stress was used to determine concentrations of ROS in Gaucher disease macrophages. We found that intracellular ROS concentrations in unstimulated N370S/N370S hMacs and iMacs were 51 and 65% lower than in control macrophages, respectively. The ROS concentration was 29.8% lower in type 2 Gaucher disease iMacs than in control iMacs (Fig. 5, E and F) . ROS concentrations increased on average 1.5-fold (P = 0.013) in control macrophages stimulated with IgG-opsonized erythrocytes, whereas they were unchanged in Gaucher disease macrophages (P = 0.98) (Fig. 5, E and F, and fig. S8 ). Thus, ROS concentrations were reduced in Gaucher disease macrophages in response to IgG-opsonized erythrocytes. After treatment with NCGC00188758, ROS concentrations in hMacs and iMacs were normalized, even in the presence of IgG-opsonized erythrocytes (Fig. 5, D and E). H 2 O 2 was used as a positive control for oxidative stress ( fig. S8 ). DPI, a competitive inhibitor of flavin-containing cofactors, is a potent inhibitor of phagosomal radical-induced oxidation occurring during the phagocytosis of IgG-opsonized particles (15) . The addition of DPI reduced ROS production in both control and Gaucher disease macrophages. However, the presence of IgG-opsonized erythrocytes had no effect on the concentration of O 2 − in both control and Gaucher disease macrophages (Fig. 5F ), supporting the involvement of ROS in disease pathogenesis. Phagocytic index of iMacs from four different iPSC lines (GD1-P1, GD1-P2, and GD1-P3 with genotype N370S/N370S, and GD1-P4 with genotype N370S/c.84dupG). Data reflect two independent experiments performed in triplicate. Significance was determined using one-way ANOVA. (E and F) ROS production was measured in macrophages treated with NCGC00188758 in the presence and absence of IgG-opsonized erythrocytes. (E) Ten independent experiments were performed with hMacs. ***P = 0.0009. (F) iMacs from five different patients were treated with diphenyleneiodonium (DPI) (5 mM), a potent inhibitor of NADPH oxidase, for 30 min in the presence or absence of IgG-opsonized erythrocyte ghosts. Two independent experiments were performed in quadruplicate. N370S/N370S iMacs represent data from three different iPSC lines. Groups were compared using one-way ANOVA with Bonferroni correction. ***P = 0.0021, **P = 0.012.
NCGC00188758 treatment restored chemotaxis in Gaucher disease macrophages
Chemokines play a crucial role in the migration of macrophages to the site of inflammation. Expression of mRNAs encoding the chemokines CCL5, SDF1, MCP2, and CXCR4 (the receptor for SDF1) was measured in Gaucher disease and control hMacs in the presence and absence of Gaucher erythrocyte ghosts (Fig. 6A) . The expression of the critical chemokine CCL5 was 40% lower in Gaucher disease macrophages than in controls (P = 0.015). SDF1 expression was similar in control and Gaucher disease hMacs, whereas CXCR4 expression was 89% lower in Gaucher disease hMacs than in control macrophages (P = 0.0054). Adding Gaucher erythrocyte ghosts increased mRNA concentrations of MCP2 (CCL2) 14-fold in controls, but the addition of erythrocyte ghosts to Gaucher disease hMacs decreased MCP2 expression by 52%. The observed differences in chemokine profiles between control and Gaucher disease macrophages prompted an evaluation of chemotaxis, focusing on the crucial chemokines SDF1, RANTES (CCL5), and MIP-1a. Gaucher disease iMacs with genotypes N370S/N370S, N370S/c.84dupG, and IVS2+1G/L444P all exhibited a reduced migration toward SDF1, RANTES, and MIP-1a (Fig. 6B) . In N370S/N370S hMacs, chemotaxis in response to SDF1 was 74% lower, to RANTES was 65% lower, and to MIP-1a was 80.6% lower than in control macrophages; impaired chemotaxis occurred in the presence and absence of Gaucher erythrocyte ghosts (Fig. 6C) . Furthermore, treatment of iMacs from three patients with genotype N370S/ N370S and one with genotype N370S/c.84dupG with NCGC00188758 increased the chemotactic index toward SDF1 2.4 ± 0.6-and 1.5 ± 0.4-fold, respectively; chemotaxis increased 5.37 ± 0.5-fold after treatment of type 2 Gaucher disease iMacs with the compound (Fig. 6D) . The expression of Mrc1, the target for enzyme replacement therapy in Gaucher disease, was also measured in hMacs. In Gaucher disease hMacs, Mrc1 expression was reduced in the absence and presence of Gaucher erythrocyte ghosts by 50 and 66%, respectively, compared to expression in control hMacs (Fig. 6E ).
DISCUSSION
We have developed and evaluated two macrophage models of Gaucher disease that will facilitate studies of Gaucher disease pathogenesis and the development of new therapeutics. Commonly used fibroblast models of Gaucher disease lack the characteristic disease phenotype Gaucher disease (GD1-P1, GD1-P2, and GD1-P3 with genotype N370S/N370S, and GD1-P4 with genotype N370S/c.84dupG) and from one patient with type 2 Gaucher disease (genotype IVS2+1/L444P) was evaluated using Transwell chambers. *P < 0.062, **P < 0.0048, ***P < 0.0002. (C) Chemotaxis of type 1 Gaucher disease hMacs (genotype N370S/N370S). Experiments were performed on hMacs from seven patients in independent experiments. *P = 0.026, **P = 0.0051, ***P ≤ 0.00044. (D) Chemotaxis toward SDF1 by iMacs from five different patients with Gaucher disease was measured in the presence and absence of NCGC00188758. Data represent two independent experiments, and groups were compared using two-way ANOVA. *P = 0.02, **P = 0.007, ***P < 0.003. (E) Mannose receptor 1 (Mrc1) expression was measured in N370S/ N370S hMacs using real-time PCR. Independent experiments were performed on hMacs from 10 patients with genotype N370S/N370S, and groups were compared using one-way ANOVA with Bonferroni correction. ***P = 0.0021. of glycolipid storage in lysosomes. However, both of our macrophage models-the Gaucher disease hMacs differentiated from monocytes isolated from 20 patients with type 1 Gaucher disease, and the iMacs differentiated from five iPSC lines generated from fibroblasts from patients with Gaucher disease-exhibited glucocerebrosidase deficiency, glycolipid accumulation, and impaired macrophage function and thus recapitulated hallmark features of Gaucher disease. Both hMacs and iMacs expressed defined macrophage markers including CD33, CD105, CD15, CD64, and CD11; CD163, an important scavenger receptor for the hemoglobin-haptoglobin complex, was increased in Gaucher disease macrophages. Elevated plasma concentrations of CD163 have been previously reported in patients with Gaucher disease (16) , which merits further study.
Our cellular models enabled us to study function in Gaucher disease macrophages and to evaluate a new chaperone compound developed to treat Gaucher disease. This work supports the relevance of cell-based models in studies of Gaucher disease, especially in the context of validating new therapeutics. Currently available mouse models of Gaucher disease are not suitable for these studies because most knock-in mouse models carrying human mutations in glucocerebrosidase do not display an accurate disease phenotype or are lethal (17) . Other mouse models made with an inducible promoter do show lipid storage defects but are not appropriate for screening chaperone molecules because in these models symptoms are generated by depleting glucocerebrosidase (18) . Thus, our cell-based Gaucher disease models provide an alternative approach for evaluating the efficacy of new chaperone compounds.
Our Gaucher disease macrophages demonstrate lysosomal accumulation of membrane lipids from phagocytosed erythrocyte ghosts. This effect was enhanced by loading the macrophages with erythrocyte ghosts isolated from patients with Gaucher disease. The advantage of this strategy is that the properties of the accumulated substrates should be identical to those of the substrates that accumulate in Gaucher disease. We also evaluated glucosylsphingosine, which is markedly elevated in patient plasma and tissues, and in Gaucher disease mouse models (2, 19) , as well as in the brains of patients with type 2 and 3 Gaucher disease (20) . Gaucher disease hMacs and iMacs similarly showed an increase in glucosylsphingosine (Table 1) .
Recombinant glucocerebrosidase, used as enzyme replacement therapy for the treatment of patients with Gaucher disease, also corrected glycolipid storage in Gaucher disease hMacs and iMacs and served as a positive control, indicating that the phenotype observed was directly a result of enzyme deficiency. However, enzyme replacement therapy is not effective for the treatment of the neurological features of type 2 and 3 Gaucher disease, and is costly and inconvenient (21, 22) . Moreover, expression of Mrc1, hypothesized to be used for targeting enzyme replacement therapy to macrophages in Gaucher disease (23) , was similar in control and Gaucher disease macrophages, but was reduced in Gaucher disease macrophages loaded with Gaucher erythrocyte ghosts. This reduction could affect enzyme replacement therapy by compromising enzyme delivery to lipid-engorged Gaucher disease macrophages.
Chemical chaperone therapy is currently being explored as an alternative treatment strategy for patients with Gaucher disease (24) . Chaperone compounds are small molecules that bind to misfolded proteins, enabling proper folding, stabilization, and trafficking of the enzyme to the lysosomes (25) (26) (27) . Recently, our high-throughput screen using patient tissue as the enzyme source (11) identified several lead compounds that were able to modify the activity of the mutant N370S glucocerebrosidase. Further medicinal chemistry optimization produced the noninhibitory chaperone NCGC00188758, which was found to translocate glucocerebrosidase to the lysosomes and restore glucocerebrosidase activity in fibroblasts from patients with Gaucher disease. Unlike the iminosugar molecules isofagomine and N-butyl-deoxynojirimycin, NCGC00188758 did not inhibit glucocerebrosidase activity in vitro or in cells (28) . We now show that NCGC00188758 can increase glucocerebrosidase activity and reduce glycolipid storage in macrophages derived from patients with Gaucher disease with different genotypes. Both the accumulation of glucosylceramide, measured by fluorescence, and glucosylsphingosine, measured by liquid chromatography-tandem mass spectrometry (LC-MS/MS), were reduced by this compound.
Our macrophage models also led to new insights regarding the function of these cells in patients with Gaucher disease. Given that Gaucher disease macrophages manifest their defective storage phenotype after the phagocytosis of aged erythrocytes or dead leukocytes, we evaluated phagocytosis in the macrophage models. We found that the expression of FcgRI (CD32) was marginally increased, indicating that phagocytosis is efficient in Gaucher disease macrophages (Fig. 5, B to D). Macrophages engulf IgG-opsonized particles via FcgRI (CD32), and the phagosomes then traffic to the lysosomes. The pH in the phagosomes decreases, and macrophages produce ROS. Acidification leads to the activation of lysosomal proteases and NADPH oxidase, which mediates electron transfer across endocytic membranes and influences the pH of the lysosomes (29) . NADPH oxidase is formed from integral membrane proteins encoded by p22phox and gp91phox and cytosolic proteins encoded by p40phox, p47phox, p67phox, and rac. In the resting state, these subunits are separated; upon stimulation, all subunits assemble to form the active enzyme (30, 31) . hMacs and iMacs from patients with type 1 and 2 Gaucher disease produced less ROS compared to control macrophages in the absence and presence of IgG-opsonized erythrocytes, whereas ROS production increased during phagocytosis of erythrocytes by control macrophages. Treating control and Gaucher disease macrophages with the NADPH oxidase inhibitor DPI reduced ROS production to a greater extent in the mutant compared to the control macrophages. Impaired ROS production can result in defective degradation of phagocytosed material and the accumulation of undigested particles in lysosomes, contributing to the foamy appearance of Gaucher disease macrophages. The ROS concentrations in both unstimulated and IgG-opsonized erythrocyte-stimulated Gaucher disease macrophages were restored after treatment with the small-molecule chaperone NCGC00188758.
This work demonstrates the utility of iPSC-derived macrophages for studying Gaucher disease. We compared hMacs from 17 patients with genotype N370S/N370S to iMacs derived from three patients with genotype N370S/N370S. We included two patients (patients 18 and 19  in table S1 , and samples GD1-P1 and GD1-P2 in the figures) from whom both blood and skin were collected to create hMacs and iPSCderived macrophages, respectively. We were able to demonstrate similar levels of glucocerebrosidase enzyme activity, glucosylceramide accumulation, and macrophage function in both hMacs and iMacs.
There are limitations associated with the Gaucher disease hMac and iMac models. Whereas we were able to generate and compare hMacs with different genotypes in a relatively short period of time, these cells cannot be propagated and the limited numbers of cells obtained can only be kept for a few weeks. Moreover, we were unable to generate these macrophages from infants with type 2 Gaucher disease because of the limited amount of blood that could be collected from young patients. The generation of iPSCs is much more expensive and laborintensive than obtaining monocyte-derived macrophages from blood, but once the iPSC lines are generated, they can be propagated and greater numbers of macrophages can be produced. Although the number of macrophages derived from iPSC lines is still insufficient for the screening of very large compound libraries, these cells are being used to evaluate and validate the efficacy of small-molecule chaperone drugs.
These new macrophage models of Gaucher disease provide critical insights into important functional impairments characteristic of Gaucher disease macrophages including reduced ROS production and chemotaxis. These defects were reversed by the chaperone NCGC00188758, which also restored glucocerebrosidase activity, cleared the accumulation of glucosylceramide and glucosylsphingosine, and improved macrophage function. The ability of NCGC00188758 to cross the blood-brain barrier and to act as a chaperone for glucocerebrosidase without inhibiting its enzymatic activity makes it very attractive as an alternative therapy for Gaucher disease. Furthermore, because a deficiency in glucocerebrosidase has been implicated in the pathogenesis of Parkinson's disease and related Lewy body disorders, this type of chaperone compound may be useful for restoring glucocerebrosidase levels in patients with Parkinson's disease (4, 32) . These new macrophage models of Gaucher disease will enable further elucidation of the molecular mechanisms contributing to disease pathogenesis. Their recapitulation of the disease phenotype opens a new avenue for drug development and validation, a vital step toward delivering new therapeutics for treating patients with Gaucher disease and related disorders.
MATERIALS AND METHODS
Study design
The objective of the study was to develop a macrophage model of Gaucher disease to evaluate macrophage function and the efficacy of new drugs. Peripheral blood monocytes were collected from 20 patients (17 with genotype N370S/N370S and 3 with other genotypes), isolated, and differentiated into macrophages. Skin fibroblasts from four patients with type 1 Gaucher disease and one with type 2 Gaucher disease were reprogrammed and then were also differentiated into macrophages. Glucocerebrosidase levels and activity were measured in these macrophages, and LC-MS/MS was used to determine the glucosylceramide and glucosylsphingosine concentrations in the presence and absence of Gaucher erythrocytes ghosts, prepared from a patient blood sample. Translocation of glucocerebrosidase from the endoplasmic reticulum to lysosomes was evaluated by confocal microscopy, and macrophage function was studied by measuring ROS production, chemotaxis, and phagocytosis. These parameters were then evaluated after treatment with the small-molecule chaperone NCGC00188758.
Patient blood samples and genotyping
Samples from 20 patients with type 1 Gaucher disease (table S1) and 30 controls provided by the National Institutes of Health (NIH) Blood Bank were collected with informed consent under a National Human Genome Research Institute (NHGRI) Review Board-approved clinical protocol. For patients treated with recombinant glucocerebrosidase, samples were collected at least 1 week after their last infusion. The genotypes of donors were confirmed by sequencing all exons of GBA, as described (33) .
Differentiation of human monocytes into macrophages
Peripheral blood mononuclear cells from controls and patients with type 1 Gaucher disease were isolated using Ficoll gradients, and monocytes were purified using a magnetic monocyte enrichment kit (STEMCELL Technologies). Isolated monocytes underwent immunophenotyping and were found to be CD14-and CD11b-positive. Macrophages were differentiated from purified monocytes using M-CSF (10 ng/ml) (R&D Systems) in RPMI 1640 medium, supplemented with 10% fetal calf serum (FCS) (Invitrogen). On days 3 and 6, the medium was refreshed and macrophages were harvested.
Preparation of Gaucher erythrocyte ghosts and quantification of glucosylceramide accumulation
To enhance glucosylceramide storage during differentiation, hMacs and iMacs were fed with Gaucher erythrocyte ghosts, prepared as described (34) . A portion of the ghosts were fluorescently labeled by incubation with N-[11-dipyrrometheneborondifluorideundecanoyl]-D-glucosyl-b1-1′-Derythro-sphingosine [C11 TopFluor glucosylceramide (glucosylceramideBodipy) (Avanti Polar Lipids)] for 30 min at 37°C. Treatment with unlabeled Gaucher erythrocyte ghosts lasted for 6 days, changing medium every 2 days. Erythrocytes from patients with type 1 Gaucher disease were used because their membranes are rich in glucosylceramide. Macrophages phagocytose 9 to 12 ghosts daily; hence, the quantity of ghosts added was based on the number of hMacs or iMacs present, refreshed every 3 days. On day 6, the glucosylceramide-Bodipy-labeled Gaucher erythrocyte ghosts were added for 12 hours. Cells were then washed, and fluorescence was measured at 495/503 nm on a Victor 1420 multilabel counter (PerkinElmer).
The generation of iPSCs Primary dermal fibroblasts from four patients with type 1 Gaucher disease (three with genotype N370S/N370S and one with N370S/c.84dupG), an infant with type 2 Gaucher disease (genotype IVS2+1/L444P), and a control (sequencing confirmed the absence of GBA mutations) were transduced with Oct4, SOX2, cMYC, and KLF4, using STEMCCA CreExcisable Constitutive Polycistronic (OKSM) Lentivirus (EMD Millipore). Unlike previous Gaucher iPSC protocols (13, 35) , on day 3, sodium butyrate (Sigma) and small molecules A83-01 and PS48 (BioVision Research Products) were added at a final concentration of 0.25, 0.5, and 5 mM, respectively, to facilitate conversion from mitochondrial oxidation to glycolysis during the reprogramming process. Human iPSCs were maintained on primary mouse embryonic fibroblasts as feeder cells, using standard human embryonic stem cell medium. The cells were transitioned to feeder-free culture condition using Matrigel (BD Biosciences) and mTeSR medium (STEMCELL Technologies). Colonies at passage numbers 13 to 15 were used for differentiation.
Characterization of iPSCs
Karyotyping of the iPSCs was performed at the NHGRI cytogenetics core facility. The spectral karyotyping method was used to identify any structural abnormalities as previously described (36) . The genotypes of each line were reconfirmed by sequencing GBA (33). Immunofluorescence staining with iPSC markers was performed using the StemLight Pluripotency Antibody kit (Cell Signaling), and a PCR expression array (SA Bioscience) was performed using RNA from each line. A teratoma assay was performed by injecting 1 million cells in the right flank of a SCID mouse. After 10 to 12 weeks, appropriate tumors resulted from each of the iPSC lines injected. Tumor sections were stained for three different germ lines (mesoderm, ectoderm, and endoderm).
Differentiation of iPSCs to monocytes and macrophages
Embryoid bodies, formed using AggreWell 400 plates (STEMCELL Technologies), were transferred to ultralow adherence plates in AggreWell medium supplemented with 10 mM ROCK inhibitor (STEM-CELL Technologies) for 4 days, with daily medium changes. For differentiation to monocytes, embryoid bodies were transferred to gelatin (1%)-coated six-well plates in advanced Dulbecco's modified Eagle's medium (Invitrogen) supplemented with 10% FCS, 0.055 mM b-mercaptoethanol, M-CSF (50 ng/ml), and IL-3 (25 ng/ml) (R&D Systems). The medium was replaced every 3 days. Monocytes were harvested from the supernatant, centrifuged at 1500 rpm for 5 min, and differentiated into iMacs using RPMI supplemented with 10% FCS and M-CSF (100 ng/ml).
Quantification of glucocerebrosidase activity in macrophages
Treated cells were cultured in black 96-well plates. After adding 100 ml of enzyme assay buffer [200 mM sodium acetate (pH 4), 5 mM 4-methylumbelliferyl-b-D-glucopyranoside (4MU-bGlu), and protease inhibitor cocktail (Sigma)], cells were incubated for 1 hour at 37°C. The reaction was terminated using a stop solution (1 M NaOH and 1 M glycine), and fluorescence was measured.
LC-electrospray ionization-MS/MS quantification of glucosylsphingosine in macrophages
Glucosylsphingosine was measured by LC-MS/MS as previously described (13) .
Flow cytometry
Expression of FcgRII (CD32), allophycocyanin (APC)-CD14, phycoerythrin (PE)-Cy7-CD15, Alexa Fluor 647-CD105, Alexa Fluor 700-CD64, peridinin chlorophyll protein (PerCP)-Cy5.5-CD33, Blue-CD11b/ Mac1, PE-CD163, and PE-CD68 (BD Biosciences) in hMacs or iMacs was measured using an AccuEasy flow cytometry kit (LEAP Biosciences). OneComp beads were added to the cells without antibody for compensation of all fluorochrome-conjugated antibodies. Unstained cells were used as negative control. Staining was also performed using an isotype control for each marker ( fig. S3 ). Cells were analyzed with DIVA software using Becton Dickinson LSR II and analyzed with FlowJo.
Phagocytosis hMacs and iMacs were plated in black 96-well clear bottom plates and were treated with Gaucher erythrocyte ghosts in the presence or absence of NCGC00188758 (8 mM). On day 6, they were washed and incubated for 2 hours with 100 ml of fluorescein-labeled E. coli BioParticles, and fluorescence was measured at 494/518 nm. A trypan blue solution was added to quench the fluorescence from particles that were not internalized (Vybrant Phagocytosis Assay, Invitrogen). Fc receptor-mediated phagocytosis was measured using the CytoSelect 96-Well Phagocytosis Assay (Cell Biolabs Inc.). Macrophages from controls and patients with Gaucher disease were cultured in 96-well plates. Sheep erythrocytes were opsonized using the provided opsonization solution at a 1:500 dilution at 37°C for 30 min. Then, 10 ml of IgG-opsonized sheep red blood cells was added and incubated for 2 hours. Culture medium was removed by gentle aspiration. Wells were washed and lysed according to the manufacturer's manual. Lysates were incubated with substrate solution, and the absorbance was measured at 610 nm in a 96-well plate reader.
Measurement of intracellular ROS
hMacs and iMacs, cultured in black 96-well clear-bottom plates or glass chamber slides, were stained with CellROX Deep Red Reagent (Molecular Probes) at a final concentration of 5 mM. After feeding macrophages with IgG-opsonized Gaucher erythrocyte ghosts in the presence or absence of diphenyleneiodonium (Sigma) at a final concentration of 5 mM, they were incubated for 30 min at 37°C. Cells were washed, and fluorescence was evaluated at 640/665 nm using a FlexStation Multi-Mode microplate reader. Cells, cultured on glass coverslip chamber slides, were stained with CellROX, and live-cell imaging was performed using Zeiss 510 META laser scanning microscope (×63).
RNA isolation and real-time PCR
One microgram of total RNA, isolated from macrophages using the PrepEase RNA/Protein Spin kit (Affymetrix), was reverse-transcribed using the High Capacity cDNA Reverse Transcription kit (Applied Biosystems). Quantitative real-time PCR was performed using an ABI Prism 7900 real-time PCR instrument (Applied Biosystems) with the QuantiFast SYBR Green PCR kit (Applied Biosystems). The primer sequences used are as follows: Mrc1, 5′-GGTTGCTATCACT-CTCTATGC-3′ (forward) and 5′-TTTCTTGTCTGTTGCCGTAGTT-3′ (reverse); CCL5, 5′-CCAGCAGTCGTCTTTGTCAC-3′ (forward) and 5′-CTCTGGGTTGGCACACACTT-3′ (reverse); and SDF1, 5′-ATTCTCAACACTCCAAACTGTGC-3′ (forward) and 5′-ACTTTA-GCTTCGGGTCAATGC-3′ (reverse). Data are displayed as expression ratios of target genes normalized to hypoxanthine-guanine phosphoribosyltransferase (HPRT). Quantitative real-time PCR data were analyzed by the 2 −DDCt method (37) .
Chemotaxis
In vitro cell migration was assayed using 24-well Transwell chamber plates (pore size: 5 mm, Corning). The upper well, containing 10 6 macrophages, was incubated at 37°C for 4 hours. The lower chamber contained RPMI with and without SDF1 (60 ng/ml), MIP-1a (50 ng/ml), or CCL5 (RANTES) (50 ng/ml) (PeproTech). Cells were allowed to migrate through the membrane into the lower chamber. Macrophages migrating to the bottom wells were counted on a FACSCalibur flow cytometer. The chemotaxis index was calculated from the ratio of migrated macrophages in the presence and absence of the respective chemokine (38) .
Evaluation of therapies for Gaucher disease
Recombinant glucocerebrosidase (imiglucerase) (20 mM), diluted in saline, was obtained from the remnants of patient infusions and cryopreserved in glycerol, and enzymatic activity was measured before use. NCGC00188758 (8 mM) [N-(4-ethynylphenyl)-5,7-dimethylpyrazolo [1,5-a]pyrimidine-3-carboxamide], identified via high-throughput screening as a small molecule that activated the hydrolysis of 4MU-bGlu in a Gaucher spleen homogenate (genotype N370S/N370S), underwent optimization by medicinal chemistry as previously described (12) . The concentration used in these experiments was based on assays of glucocerebrosidase activity and clearage of glucosylceramide at different concentrations of NCGC00188758 and imiglucerase in control and Gaucher macrophages ( fig. S5, A to C) .
Immunofluorescence staining hMacs and iMacs were plated on glass chamber slides, fed with erythrocyte ghosts in the presence and absence of the small molecule, and fixed with 4% paraformaldehyde. Cells were blocked in phosphatebuffered saline containing 0.1% saponin, 100 mM glycine, and 2% donkey serum, followed by incubation with the glucocerebrosidase rabbit polyclonal antibody (1:350) or mouse monoclonal LAMP2 antibody (Abcam). Cells were washed and incubated with donkey antimouse or anti-rabbit secondary antibodies, conjugated to Alexa Fluor 488 or Alexa Fluor 555 (Invitrogen). Cells were mounted with Vectashield plus DAPI (Vector Laboratories), and Z-stack images were acquired with a Zeiss 510 META laser scanning microscope (Carl Zeiss MicroImaging Inc.) using a 488-nm argon, a 543-nm HeNe, and an ultraviolet laser. Images were acquired using a Plan Neofluar 63×/1.42 oil DIC objective. The colocalization coefficient was determined using Pearson's algorithm, and scatter plots were generated and evaluated using Imaris software.
Statistical analysis
Statistical analyses were performed using GraphPad Prism 5.0 software. Significance was determined by Student's t test using Wilcoxon signed rank test, and correlations were determined using Pearson correlations. Data from two groups or more than two independent variables were analyzed by ANOVA, followed by the Bonferroni post hoc test. Data are presented as means ± SD. Significance levels between controls and patient macrophages were set when P < 0.05 (*), P < 0.01 (**), P < 0.001 (***), P < 0.05 ( 
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